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Abstract 7 
We assess the effect of the Atlantic Multidecadal Variability (AMV) on the global monsoon using 8 
idealized simulations. Warm AMV phases are associated with a significant strengthening of monsoon 9 
precipitation over Northern Africa and India, and anomalously weak monsoon precipitation over South 10 
America. Changes in monsoon precipitation are mediated by a change in atmospheric dynamics, 11 
primarily associated with a shift in the circulation related to both an enhanced interhemispheric thermal 12 
contrast and the remote impact of AMV on the Pacific Ocean, through changes in the Walker circulation. 13 
In contrast, the thermodynamic changes are less important. Further experiments show that the impact of 14 
AMV is largely due to the tropical component of the sea surface temperature anomalies. However, the 15 
extratropical Atlantic also plays a role, especially for northern Africa. Finally, we show that the effect 16 
of AMV on monsoons is not linearly related to the magnitude of warming.    17 
Key points: 18 
- Changes in atmospheric circulation dominate the AMV effect on monsoons, whilst thermodynamic 19 
changes are moderate. 20 
- The tropical North Atlantic largely forces AMV effects, by strengthening inter-hemispheric thermal 21 
gradients and the Walker circulation. 22 
- The effects of AMV are not linearly related to the magnitude of warming.  23 
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1 Introduction 24 
 The North Atlantic Sea Surface Temperature (NASST) has undergone strong variations on decadal-25 
to-multidecadal scales that are due to internal and external climate variability (Terray, 2012). This 26 
variability is called the Atlantic Multidecadal variability (AMV) and has been associated with ocean and 27 
atmospheric processes (Delworth et al., 1993; Knight et al., 2005), as well as with volcanic, solar (Otterå 28 
et al., 2010) and anthropogenic (Booth et al., 2012) forcing. 29 
  There is significant evidence to suggest that the AMV has played an important role in recent trends 30 
in tropical precipitation (Kamae et al. 2017) and can substantially modulate the global monsoon (GM) 31 
system (Trenberth et al., 2000; Wang & Ding, 2008; An et al., 2015; Wang et al., 2017, Wang et al., 32 
2018). For example, AMV influences precipitation over North East Brazil and the Sahel by shifting the 33 
location of the Intertropical Convergence Zone (ITCZ) over the tropical Atlantic Ocean (Sutton & 34 
Hodson, 2005; Knight et al., 2006). AMV also affects the Indian and the East Asian summer rainfall, 35 
through altering the interhemispheric thermal contrast and El-Niño Southern Oscillation (ENSO) 36 
variability (Wang et al., 2009; Luo et al., 2017). The positive phase of the AMV can also force an 37 
extratropical wavetrain, and can impact the Indian monsoon system (Li et al., 2008). Furthermore, AMV 38 
has been linked with changes over the eastern equatorial Pacific Ocean via changes in Walker circulation 39 
strength and are also associated with a change in the south Asian summer monsoon (Dong et al., 2006),  40 
Wang et al., (2013) have shown an observed relationship between AMV, the Pacific Ocean and the 41 
northern hemisphere summer monsoon. However, the complexity of the climate system and the presence 42 
of multiple drivers of the global monsoon makes quantifying AMV’s impact difficult, and the involved 43 
physical processes remain to be elucidated.  44 
AMV is also composed of SST anomalies in both the tropical and the extratropical North Atlantic 45 
Ocean (Sutton & Hodson, 2007). Generally it is thought that tropical Atlantic anomalies are key to 46 
explaining effects of the AMV (Sutton & Hodson, 2007). However, the subpolar North Atlantic SSTs 47 
are highly predictable (Robson et al., 2012), and so could be useful to forecast the effect of AMV over 48 
land (Robson et al., 2014). Therefore, it is important to understand the relative effects of SST anomalies 49 
in each Atlantic sub-domain, and to understand whether the effects are due to changes in atmospheric 50 
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dynamics (i.e. through changes in circulation) or thermodynamics (i.e. through changes in surface 51 
temperature and humidity)?  52 
In this study we will use idealized modelling experiments to better understand if, and how, the AMV 53 
affects the global monsoon (i.e. the tropical monsoon domains). In particular, we will assess the relative 54 
roles of dynamic and thermodynamic changes in generating the anomalies, and the linearity of the 55 
response. Section 2 outlines the experiments and precipitation decomposition we employ, section 3 56 
describes the main results, and the key conclusions are outlined in section 4. 57 
  58 
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2 Model and methods 59 
2.1 MetUM-GOML2 and experimental design 60 
 We use the MetUM-GOML2 model to explore the effect of AMV through idealized experiments. 61 
MetUM-GOML2 is the Global Ocean Mixed-Layer coupled configuration of the Met Office Unified 62 
Model (MetUM-GOML2; Hirons et al. 2015), comprising the MetUM Global Atmosphere 6.0 (Walters 63 
et al., 2017) coupled to the Multi-Column K Profile Parameterisation ocean (MC-KPP, version 1.1) via 64 
the Ocean Atmosphere Sea Ice Soil (OASIS) coupler (Valcke, 2013). The atmosphere has a 1.87 x 1.25° 65 
horizontal resolution (~135km) with 85 vertical levels. The ocean mixed-layer component extends to 1 66 
km depth with 100 vertical levels.  67 
MC-KPP does not allow ocean advection, and also has prescribed SSTs and sea ice 68 
concentrations in regions which are not ice-free throughout the year in the reference climatology (i.e. 69 
sea ice is not interactive – see coupling mask in figure S1). In coupled regions a seasonally-varying 70 
climatological 3D flux correction is applied to both temperature and salinity to hold the model close to 71 
a reference ocean climatology. These fluxes represent the mean ocean advection, and account for biases 72 
in atmospheric surface heat and freshwater fluxes. Consequently, MetUM-GOML2 has small SST 73 
biases and small model drift relative to coupled models with a fully dynamic ocean  (Hirons et al., 2015). 74 
We use a 1976-2005 mean ocean temperature and salinity reference climatology derived from the Met 75 
Office global statistical ocean reanalysis (MOSORA; Smith & Murphy, 2007). These are used to 76 
produce the 3D flux corrections (see Hirons et al, 2015 for details). Outside the coupled region, the 77 
atmospheric model is forced by daily SSTs and sea ice from the reference climatology. Anthropogenic 78 
greenhouse gas concentrations, aerosol emissions and volcanic activity are imposed and kept constant 79 
to their mean value of the period 1976-2005. 80 
We follow a slightly modified form of the experimental design from the Decadal Climate 81 
Prediction Project (DCPP; Boer et al. 2016). Specifically, an AMV pattern is imposed in the North 82 
Atlantic in the model by modifying non-solar heat fluxes (Figure S1 and methodology in the 83 
supplementary material). We perform separate experiments to mimic a positive (hereafter called AMV+) 84 
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and a negative (hereafter called AMV-) phase of the AMV. Unlike in Boer et al. (2016), we multiply 85 
the magnitude of the pattern by a factor of two to increase the signal to noise ratio. The targeted pattern 86 
is obtained by adding (subtracting) NASST anomalies to (from) the 1976-2005 climatological SSTs and 87 
is applied in both coupled and uncoupled regions of the North Atlantic. Note that the additional non-88 
solar heat flux correction is applied only in the targeted region; outside this, SSTs can vary freely through 89 
air-sea interaction. Simulations last for 10 years and 4 months and are initialized on 1st September. Note 90 
that the simulations last for 10 years when only the tropical Atlantic is warmed. 15 ensemble members 91 
are performed for each experiment using different atmospheric initial conditions.    92 
We have also performed an experiment where NASST are restored to a climatological state, 93 
hereafter called CLM. We also test the role of the tropical and extratropical North Atlantic SST 94 
anomalies by warming and cooling the Atlantic Ocean south of 30°N (hereafter called TNA), and north 95 
of 30°N (hereafter called XNA), respectively (as defined in DCPP-C, see fig. S1). Finally, we also test 96 
the linearity of AMV effects by performing additional experiments with a magnitude of one times AMV 97 
(hereafter noted 1xAMV) for both negative and positive phases of the AMV (see table S1). 98 
2.2 Precipitation metrics 99 
 Global monsoon domains are defined following Wang et al., (2011), selecting land grid points 100 
where the annual precipitation range (i.e. the difference between May to September (MJJAS) and 101 
November to March (NDJFM)) exceeds 2.5 mm.day-1) using the CLM simulation. Monsoon domains 102 
are NAM (North AMerica), NAF (North AFrica), SAS (South ASia) and EAS (East ASia) in the 103 
Northern Hemisphere and SAM (South America), SAF (Southern AFrica) and AUS (AUStralia) in the 104 
Southern Hemisphere (Figure 1a). We then compute the area-averaged precipitation of each monsoon 105 
domain (MI; Monsoon Index). Note that NAF and SAS domains are smaller than in observations due to 106 
large dry biases in MetUM-GOML2 over West Africa and India (Figure S2), as also seen in other  107 
MetUM configurations (Walters et al., 2017). However, using domains defined from GPCC, or based 108 
on an alternative method (i.e. using a relative threshold), does not alter our conclusions (FigS3 and 109 
information in the supplementary material).  110 
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Monsoon area (MA) is the area of each monsoon domain, as a percentage of the Earth’s total 111 
surface. Monsoon total precipitation (MP) is the area weighted sum of precipitation in each monsoon 112 
domain (Zhou et al., 2008; Hsu et al., 2011; Kitoh et al., 2013). These two metrics complement MI since 113 
they quantify the amount of precipitation resulting from changes in both domain size and monsoon 114 
intensities. Unlike MI, MA and MP are computed using a dynamic monsoon domain size (i.e. computed 115 
for each simulation). 116 
We decompose precipitation change (∆P) into its dynamical (∆Pdyn), thermodynamical (∆Ptherm) 117 
and its non-linear cross components (∆Pcross) following Chadwick et al. (2016). This method relies on 118 
the fact that tropical precipitation is dominated by convection (Chadwick et al., 2016; Rowell & 119 
Chadwick, 2018). If precipitation, P, is represented as P = M*q, where M* is a proxy for convective 120 
mass flux from the boundary layer to the free troposphere (Held & Soden, 2006; Kent et al., 2015) (M* 121 
= P/q), and q is near surface specific humidity, then, the change in precipitation, ΔP, can be reformulated 122 
as  123 
∆P = M*∆q + q∆M* + ∆q∆M* = ∆Ptherm + ∆Pdyn + ∆Pcross 124 
Where ∆Ptherm represents the contribution from specific humidity changes (q), ∆Pdyn represents 125 
the contribution from circulation changes (M*), and ∆Pcross represents the contribution from changes in 126 
both specific humidity and circulation. Terms are first calculated using the monthly mean data and for 127 
each grid point and then averaged over each season and monsoon domain. 128 
Further decomposition of ∆Pdyn allows us to document changes due to shifts in the pattern of 129 
circulation (∆Pshift) or the mean tropical circulation strength (∆Pstrength), as 130 
 ∆Pstrength = q∆M*strength and ∆Pshift = q∆M*shift 131 
where ∆M*strength = -αM* with α = tropical mean ∆M*/tropical mean M* represents the change 132 
in the strength of the mean tropical circulation. Note that although ∆M* is a scalar, ∆Pstrength is provided 133 
for each grid point by multiplying by the reference moisture field.   134 
∆M*shift is calculated as the residual of ∆M* from ∆M*strength   135 
7 
 
3. Results 136 
3.1 Change in global monsoon precipitation  137 
 Figure 1a shows the observed relationship between AMV and precipitation, and confirms that 138 
AMV is associated with significant changes in observed tropical precipitations (Figure S9; (Trenberth 139 
& Shea, 2006;  Ting et al., 2011). Figure 1b shows the simulated effect of AMV on precipitation over 140 
the summer hemisphere by taking the difference between the AMV+ and AMV- experiments. Positive 141 
AMV is associated with a northward shift of the ITCZ over the Atlantic Ocean, leading to increased 142 
precipitation in the Northern Hemisphere and decreased precipitation in the Southern Hemisphere 143 
(Figure 1b). There are also significant changes in precipitation over the West Pacific warm pool, the 144 
northern Indian Ocean and North East India. In contrast, precipitation decreases over northern Australia 145 
and Eastern Brazil. As a consequence, precipitation changes are significant over SAM, AUS, NAF and 146 
SAS (Figure 1c). However, precipitation changes are not significant for NAM, SAF and EAS, and for 147 
GM due to opposing responses between the Northern and the Southern hemispheres. Note the 148 
comparison of simulated and observed precipitation patterns highlights differences over the Amazon 149 
Basin and over Southern Africa, which we will discuss in section 4. 150 
There are also significant changes in MA and MP (Figure 1d). Monsoon extent is closely linked 151 
to changes in total monsoon precipitation in all monsoon domains. In positive AMV, SAM and AUS 152 
monsoon domains are considerably smaller, while other monsoon domains become wider, especially 153 
SAS, NAF and EAS (Figure 1d and Figure S4). 154 
3.2 Decomposition of AMV monsoon impacts  155 
Figure 2 shows the decomposition of monsoon rainfall into dynamic and thermodynamic 156 
components, and their nonlinear combination. In most domains ∆Pdyn is larger than ∆Ptherm, indicating 157 
that the atmospheric circulation change dominates the impact of AMV on the global monsoons (Figure 158 
2a and Figure 2b). Moreover, the spatial distribution of ∆Pdyn is extremely similar to ∆P (Figure S5). 159 
∆Ptherm exhibits a clear inter-hemispheric pattern, consistent with the surface temperature increase, which 160 
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is mainly confined to the Northern Hemisphere (Figure 3a and Figure 3b). Finally, the nonlinear term 161 
tends to increase precipitation in all monsoon domains (Figure 2c). Therefore, the change in precipitation 162 
is due to a combination of changes in the three terms. The weak changes in SAM, NAM and EAS 163 
precipitation are the result of opposing effects from ∆Pdyn, ∆Pcross and ∆Ptherm.  164 
To explore ∆Pdyn further, we decompose the circulation response into changes in the mean 165 
tropical circulation strength (∆Pstrength) or shifts in atmospheric circulation patterns (∆Pshift). ∆Pstrength is 166 
almost negligible, but explains a small increase in precipitation as a response to AMV (Figure 2e). In 167 
contrast, ∆Pshift is generally larger.  Therefore, ∆Pdyn (and, hence, ∆P) is due to a shift in atmospheric 168 
circulation, rather than to a modulation of its mean strength (Figure 2d). Moreover, ∆Pshift clearly 169 
dominates the pattern of ∆Pdyn and, by extension, of ∆P (Figure S5). The importance of a shift in 170 
circulation, on simultaneous changes in both q and M*, also helps to explain why ∆Pcross plays a 171 
significant role. 172 
3.3 AMV’s impact on surface temperature and atmospheric circulation  173 
To better understand how AMV affects the global monsoon regions, we analyze changes in 174 
surface temperature, 200 hPa velocity potential and low-level wind. In NDJFM and MJJAS the warming 175 
of the North Atlantic (Figure 3a and Figure 3b) causes the ITCZ to shift northward, hence increasing 176 
NAF precipitation and decreasing precipitation over South America (Knight et al., 2006) through 177 
strengthening the Atlantic trade winds (Figure 3e and Figure 3f). Surface temperature also increases 178 
over the Eurasian continent in NDJFM and MJJAS, but not over the Indian Ocean (Figure 3a and Figure 179 
3b). Thus, the enhanced South Asian Monsoon is consistent with an increased land-ocean thermal 180 
contrast driving a stronger monsoon circulation, as seen in the low-level wind anomalies (Figure 3f) in 181 
line with the observations (Wang et al., 2013).  182 
Over Australia and the Maritime Continent, a decrease in winter precipitation is associated with 183 
low-level wind divergence (Figure 3e) and increased subsidence over the western Pacific Ocean (Figure 184 
3c). A cooling of the eastern Pacific Ocean and a warming of the western and North Pacific Ocean is 185 
consistent with the positive AMV forcing a shift to a negative phase of the Interdecadal Pacific 186 
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Oscillation (IPO) (Zhang et al., 1997; Ruprich-Robert et al., 2017; Figure S6) (Figure 3ab). Here, the 187 
cooling in the eastern Pacific Ocean is the result of changes in the Walker circulation forced by 188 
anomalously strong ascent over the Atlantic Ocean and India, which are both a result of warming 189 
Atlantic SSTs (Figure3 cd). Changes in tropical eastern Pacific temperature in turn impact summer 190 
Indian precipitation, as there is a strong relationships between the Indian summer monsoon and ENSO 191 
( Yun & Timmermann, 2018).  192 
3.4 Tropical, extratropical warming and linearity of the effects 193 
We now explore the effects that are driven by tropical or extratropical AMV SSTs. Warming the 194 
tropical North Atlantic (TNA) leads to negative anomalies in SAM, and positive anomalies in NAF and 195 
SAS precipitation (Figure 4a). The impact of warm TNA SSTs on North East Brazilian and Sahel 196 
precipitation is related to anomalously strong cyclonic circulation over the tropical Atlantic and the 197 
Caribbean Sea (Figure 4c-d), which leads to divergence over South America and convergence over the 198 
equatorial eastern Atlantic Ocean and Sahel. Increased SAS precipitation is associated with a 199 
strengthening of the southwesterly Indian monsoon flows, in association with an increase in the inter-200 
hemispheric thermal gradient and a strengthening of the trade winds (Figure 4d and Figure S7). 201 
A warmer extratropical North Atlantic (XNA) significantly affects the North African Monsoon by 202 
shifting the ITCZ northward over western Africa and the Sahel (Figure 4b, consistent with Dunstone et 203 
al., 2011). Therefore, both TNA and XNA SST anomalies are important to explain the impacts of AMV 204 
on NAF and NAM domains. However, unlike TNA, XNA does not significantly affect the Pacific Ocean, 205 
or the Indian Ocean via Walker circulation changes (Figure S6), and, hence, does not affect SAS 206 
precipitation. Changes in tropical low-level circulation are also mostly explained by the tropical Atlantic 207 
Ocean SSTs, explaining the lack of changes over other monsoon domains in the XNA experiment 208 
(Figure 4e-f). Differences in SAS precipitation changes are also associated with differences in the 209 
strengthening of the Walker circulation, largely stronger in TNA than in XNA (Figure S8).  210 
We note that the effects of AMV are also non-linear to the magnitude of the Atlantic warming. For 211 
example, although the patterns of simulated anomalies are similar (i.e. increase in NAF and SAS and 212 
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decrease in SAM precipitation) the impacts on monsoon precipitation in the AMV experiment are only 213 
1.44 times stronger than in the 1xAMV simulations (Figure 4g; table S2). Furthermore, the sum of TNA 214 
and XNA experiments again yields similar anomalies to that of the full AMV experiment, but with a 215 
stronger magnitude. Therefore, this non-linearity suggests that there are interference between the 216 
response to both TNA and XNA, as proposed in Qasmi et al. (2017). 217 
 218 
4. Conclusions and discussion 219 
We assessed the effect of the Atlantic Multidecadal Variability (AMV) on global monsoon 220 
subdomains in a coupled Atmosphere-Ocean Mixed Layer model (MetUM-GOML2) using idealized 221 
SST nudging experiments. Experiments are performed to test the effect of the whole AMV as well as 222 
the tropical and extratropical parts of AMV. The key results are as follows 223 
- The AMV affects the global monsoon significantly in terms of mean precipitation, total 224 
precipitation, and monsoon area. The monsoon strengthens over Northern Africa, and South 225 
Asia, and weakens over South America and Australia. However, the effect on the globally 226 
integrated monsoon precipitation is not significantly different to zero.  227 
- The effect of AMV on regional monsoons is mostly due to the dynamic response, rather than 228 
the thermodynamic response. Furthermore, the dynamical response is due to a shift in the 229 
atmospheric circulation, rather than changes in the strength of the mean tropical circulation. For 230 
example, a northward shift of the ITCZ over the Atlantic Ocean and a shift to a negative phase 231 
of the IPO play a crucial role. This shift in the atmospheric circulation accounts for the important 232 
contributions of the nonlinear term. 233 
- The thermodynamic term plays a lesser role but has a significant effect on hemispheric contrast, 234 
enhancing (reducing) monsoon precipitation in the northern (southern) hemisphere due to the 235 
interhemispheric temperature contrast caused by AMV. 236 
- SST anomalies in the tropical North Atlantic (TNA) explain most of the changes in global 237 
monsoons related to the AMV (i.e. decrease in SAM precipitation, increase in NAF and SAS 238 
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precipitation). However, SST anomalies in the extratropical Atlantic also have significant 239 
effects, particularly over northern Africa. Therefore, both TNA and XNA must be considered 240 
to explain the impact of AMV on the global monsoon variability. 241 
- Changes in the global monsoon are sensitive to the magnitude of the imposed AMV forcing. 242 
Experiments with one or two times AMV simulate very similar patterns of precipitation 243 
anomalies, but the magnitude of the response is less than two times stronger in the latter than in 244 
the former. Similarly, the sum of TNA and XNA experiments yield to an overall stronger 245 
precipitation anomaly than the full AMV anomalies.  246 
These results further highlight the important societal effects of AMV, via its significant modulation of 247 
tropical precipitation (as seen in Ting et al., 2009b). For instance, a strong and linear relationship is 248 
obtained between changes in Monsoon Area and changes in Monsoon Precipitation indicating that in 249 
some regions, like SAS, a larger population is impacted by the monsoon during positive phases of AMV. 250 
Results also clarify, for the first time, that the atmospheric circulation response is crucial to generate the 251 
impact of AMV on the global monsoon subdomains. Additionally, results have highlighted the complex 252 
nonlinear nature of AMV impacts in terms of the magnitude of NASST warming and the location of the 253 
warming (e.g. over the tropical or the extratropical North Atlantic Ocean).  254 
Although we have shown a significant impact of AMV on the monsoons, there are several 255 
caveats. The model is also not able to reproduce the observed link between AMV and SAM or SAF 256 
precipitation (Figure S9). For example, MetUM-GOML2 simulates a large decrease in SAM 257 
precipitation (Fig. 1b), while observations shows a positive correlation between NASST and winter 258 
Amazonian precipitation (Villamayor et al., 2017) (Figure S9). These differences may be related to mean 259 
state biases (see Fig. S2). However, comparisons between observations and idealized simulations is not 260 
trivial, due to the lack of changes in external forcing or internal variability. Additionally, like most 261 
climate models (Schumacher & Houze, 2003), MetUM-GOML2 overestimates the importance of 262 
convective precipitation in the total precipitation (not shown), and uncertainties could remain in 263 
decomposing precipitation over the subtropical part of the monsoon domains. Finally, the analysis 264 
presented here relies on only one climate model, which does not have a fully dynamic ocean model and, 265 
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hence, may not represent all the relevant ocean feedbacks. Future work should focus on multi model 266 
analysis, as proposed in DCCP-C (Boer et al, 2016). 267 
 268 
  269 
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Captions: 270 
Figure 1: (a) Observed precipitation (mm.day-1; GPCC; (Schneider et al., 2014)) regressed onto the 271 
AMV index (ERSST; (Huang et al., 2015)) (See the method in the supplementary material). (b) Change 272 
in precipitation (mm.day-1) related to AMV (AMV+ minus AMV-). Monsoon domains are drawn in red 273 
(see section 2.2 for details). Precipitation anomalies are shown for MJJAS (NDJFM) for the Northern 274 
(Southern) Hemisphere. Stippling indicates that anomalies are significantly different to zero according 275 
to a Student’s t-test at the 95% confidence level. (c) Changes in monsoon index (MI; mm.day-1) for 276 
AMV+ minus AMV-. A blue bar indicates significant changes according to a Student’s t-test at the 95% 277 
confidence level. Orange vertical lines show two standard errors. (d) Change in monsoon area (MA; % 278 
of the Earth total surface) versus the change in monsoon precipitation (MP; total area weighed 279 
precipitation, in 109 m3.day-1). Vertical and horizontal colored lines indicate two standard errors for both 280 
MP and MA. The black line is the MA—MP linear regression (excluding GM). For (c) monsoon 281 
domains are not fixed and computed separately from each member and experiment. 282 
Figure 2: Decomposition of precipitation anomalies (mm.day-1) into those due to (a) dynamic (∆Pdyn) (b) 283 
thermodynamic (∆Ptherm) and (c) cross-term (∆Pcross) terms, as defined in Chadwick et al. (2016). The 284 
dynamic part is decomposed into its (e) shift (∆Pshift, i.e. due to a change in the pattern of the circulation) 285 
and (f) weak (∆Pstrength, i.e. related to the strength of the mean tropical circulation) components. Orange 286 
vertical lines represent two standard errors. A blue bar is added when anomalies are stronger than two 287 
standard errors. 288 
Figure 3: Effect of AMV on (top panels) surface temperature (°C), (middle) 250 hPa velocity potential 289 
(in 104 m2 s-1) and divergent wind (m.s-1) and (bottom) sea level pressure (Pa) and 850 hPa wind (m.s-290 
1), in (left) NDJFM and (right) MJJAS. Stippling (shading) for surface temperature (velocity potential) 291 
indicates that changes are significantly different to zero according to a Student’s t-test at the 95% 292 
confidence level. For the 850 hPa wind, arrows are drawn only if their meridional or zonal components 293 
are significantly different to zero, according to a Student’s t-test at the 95% confidence level. 294 
Figure 4: Top panels: same as in figure 1b but for (a) the tropical Atlantic Ocean warming (TNA+ minus 295 
TNA-) and (b) due to the extratropical Atlantic Ocean warming (XNA+ minus XNA-). Middle panels: 296 
same as in figure 3a and figure 3b, but for TNA and XNA. Bottom panels: effect of 2xAMV on MI in 297 
function of the effect of (left) 1xAMV on MI (right) the TNA+XNA sum on MI. Vertical and horizontal 298 
black lines indicate the spread in MI, and the black line is the linear regression, as computed from the 299 
sub-domain monsoons only (e.g. excluding GM). Significance in panels a-f are calculated using a 300 
Student’s t-test at the 95% confidence level. 301 
302 
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 315 
Plain language summary 316 
Global monsoon precipitation variability has substantial effects on about two-thirds of the world’s 317 
population. Therefore, understanding the factors that drive tropical precipitation is societally important. 318 
Here we focus on the effect of North Atlantic Sea Surface Temperature (NASST) variability on global 319 
monsoon. To do so we use a set of climate model experiments, in which we add a surface temperature 320 
anomaly over the North Atlantic Ocean. The novelty of the analysis relies on the decomposition of 321 
precipitation changes to understand better their origins. We find that NASST changes have strong 322 
impacts on Sahel and Indian summer precipitation and monsoon domain sizes, through shifting 323 
northward the atmospheric patterns of moisture convergence. Changes involve increases in the large-324 
scale warming of the northern Hemisphere and forcing of the eastern equatorial Pacific Ocean 325 
temperature. We highlight the tropical Atlantic basin as critical to explain the effects of NASST 326 
variability over the global monsoon. We found that changes in monsoon precipitation are sensitive to 327 
the magnitude of the NASST warming.  328 
 329 
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 496 
Figure 1: (a) Observed precipitation (mm.day-1; GPCC; (Schneider et al., 2014)) regressed onto the 497 
AMV index (ERSST;(Huang et al., 2015)) (See the method in the supplementary material). (b) Change 498 
in precipitation (mm.day-1) related to AMV (AMV+ minus AMV-). Monsoon domains are drawn in red 499 
20 
 
(see section 2.2 for details). Precipitation anomalies are shown for MJJAS (NDJFM) for the Northern 500 
(Southern) Hemisphere. Stippling indicates that anomalies are significantly different to zero according 501 
to a Student’s t-test at the 95% confidence level. (c) Changes in monsoon index (MI; mm.day-1) for 502 
AMV+ minus AMV-. A blue bar indicates significant changes according to a Student’s t-test at the 95% 503 
confidence level. Orange vertical lines show two standard errors. (d) Change in monsoon area (MA; % 504 
of the Earth total surface) versus the change in monsoon precipitation (MP; total area weighed 505 
precipitation, in 109 m3.day-1). Vertical and horizontal colored lines indicate two standard errors for both 506 
MP and MA. The black line is the MA—MP linear regression (excluding GM). For (c) monsoon 507 
domains are not fixed and computed separately from each member and experiment. 508 
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 510 
Figure 2: Decomposition of precipitation anomalies (mm.day-1) into those due to (a) dynamic 511 
(∆Pdyn) (b) thermodynamic (∆Ptherm) and (c) cross-term (∆Pcross) terms, as defined in Chadwick et al. 512 
(2016). The dynamic part is decomposed into its (e) shift (∆Pshift, i.e. due to a change in the pattern of 513 
the circulation) and (f) weak (∆Pstrength, i.e. related to the strength of the mean tropical circulation) 514 
components. Orange vertical lines represent two standard errors. A blue bar is added when anomalies 515 
are stronger than two standard errors. 516 
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 523 
Figure 3: Effect of AMV on (top panels) surface temperature (°C), (middle) 250 hPa velocity potential 524 
(in 104 m2 s-1) and divergent wind (m.s-1) and (bottom) sea level pressure (Pa) and 850 hPa wind (m.s-525 
1), in (left) NDJFM and (right) MJJAS. Stippling (shading) for surface temperature (velocity potential) 526 
indicates that changes are significantly different to zero according to a Student’s t-test at the 95% 527 
confidence level. For the 850 hPa wind, arrows are drawn only if their meridional or zonal components 528 
are significantly different to zero, according to a Student’s t-test at the 95% confidence level. 529 
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Figure 4: Top panels: same as in figure 1b but for (a) the tropical Atlantic Ocean warming (TNA+ minus 531 
TNA-) and (b) due to the extratropical Atlantic Ocean warming (XNA+ minus XNA-). Middle panels: 532 
same as in figure 3a and figure 3b, but for TNA and XNA. Bottom panels: effect of 2xAMV on MI in 533 
function of the effect of (left) 1xAMV on MI (right) the TNA+XNA sum on MI. Vertical and horizontal 534 
black lines indicate the spread in MI, and the black line is the linear regression, as computed from the 535 
sub-domain monsoons only (e.g. excluding GM). Significance in panels a-f are calculated using a 536 
Student’s t-test at the 95% confidence level. 537 
